Data are available from Open Science Framework: osf.io/t2dhb.

1. Introduction {#sec001}
===============

In everyday life we typically make around three to four saccadic eye movements every second \[[@pone.0167956.ref001],[@pone.0167956.ref002]\]. Even though it may feel that these eye movements are made effortless without much, if any, cognitive control, research has demonstrated that eye movements are affected by a whole range of cognitive processes influencing basic eye movements parameters such as landing position, saccadic latency and saccade trajectories (reviewed in, \[[@pone.0167956.ref003]--[@pone.0167956.ref005]\]). Carpenter \[[@pone.0167956.ref006]\] argued that the oculomotor system provides ''a microcosm of the brain itself", allowing us to study at the lowest level the forces generated by eye muscles to move the eye, through the attentional mechanisms for locating relevant target objects, to the highest level at which decisions are made to move or not to move the eye. The current paper is concerned with the extent to which we are able to flexibly adjust the saccadic system when the circumstances require us to do so.

Response inhibition is a central index of the effectiveness and flexibility of cognitive control in various sensorimotor tasks \[[@pone.0167956.ref007],[@pone.0167956.ref008]\]. Several paradigms have addressed the question whether it is possible to inhibit saccades when conditions require this. In the well-known oculomotor capture paradigm of Theeuwes and colleagues \[[@pone.0167956.ref009]--[@pone.0167956.ref011]\] participants had to avoid making a saccade to an irrelevant abrupt onset object that could appear at any location in the visual field. The results showed that in 20 to 30% of the trials, participants could not help making a saccade to the irrelevant distractor. Similarly, in the well-known antisaccade task, participants have to suppress making a prosaccade to a suddenly appearing visual stimulus on one side of fixation and instead make a saccade in the opposite direction \[[@pone.0167956.ref012],[@pone.0167956.ref013]\]. In order to make such an antisaccade, one needs to suppress the saccade to the visual stimulus and actively and endogenously change the direction of the saccade in the opposite direction. These antisaccades typically have a much longer latency (about 250 to 350 ms) than saccades in the direction of the visual stimulus (about 150 to 250 ms). Typically, 10 to 20% of the saccades are erroneous in that they are made in the direction of the visual stimulus while they should have been made in the opposite direction \[[@pone.0167956.ref014]\].

The studies above all had in common that participants were required to stop making a saccade to an *object* appearing abruptly at an unpredictable location in the visual field. Eye movement programming, however, is profoundly location based (e.g., \[[@pone.0167956.ref015]\]). We thus asked here, whether participants can stop making saccades to a particular *well defined spatial area*, when the conditions change such that making a saccade to this area no longer results in reward but instead results in a monetary penalty. We also wanted to find out whether the possible costs of such a change in behaviour, in terms of response accuracy, time needed for learning and, especially, the slowing of responses are smaller in such a location avoidance task. In various response inhibition tasks, a delay-and-proceed type of strategy is often observed, where participants significantly delay all responses until the conflict between the need for inhibiting one response and carrying out another can be resolved \[[@pone.0167956.ref016],[@pone.0167956.ref017]\]. Some previous studies have used reward and penalty contingencies to change eye movement behaviour. Schütz, Trommerhäuser and Gegenfurtner \[[@pone.0167956.ref018]\] showed that when saccades to particular regions were rewarded while saccades to other regions were penalized, it took participants about 100 trials to adjust saccade direction depending on the value of the region. Over the course of those 100 trials, participants strategically increased their saccadic latencies (with about 45 ms), suggesting that in this study participants had to learn to use a delay-and-proceed strategy to optimally harvest the rewards. Similarly, Blaukopf and DiGirolamo \[[@pone.0167956.ref019]\] introduced a reward and punishment scheme into an antisaccade task. They showed that reward and punishment schemes affected the programming of saccadic eye movements within a short time frame and in an online manner. However this adjustment came at a cost. When errors become more costly (because of the punishment), participants slowed their eye movement responses substantially and employed a more cautious strategy.

In the current study, we wanted to determine whether participants can avoid making saccades to a particular area of visual field even if a target appears within it. Participants had to make saccades to target stimuli, which were randomly presented at various distances from a well-defined penalty region, saccades to which involved a financial penalty. We also wanted to know whether participants would be able to benefit from knowing the constant location of the penalty region by applying an avoidance strategy more advanced than the general delay-and-proceed. To force participants to do so, a considerable time pressure (also involving financial incentives), was in place during the avoidance task.

2. Methods {#sec002}
==========

2.1. Participants {#sec003}
-----------------

Twelve university students (age 20--37, five female), all of whom reported normal visual acuity, participated in the study. The study adhered to the principles of the Declaration of Helsinki. The University of Helsinki ethical review board in humanities and social and behavioral sciences has reviewed the study and found that the study follows the ethical principles of research in the humanities and social and behavioral sciences issued by the Finnish Advisory Board on Research Integrity and is thus ethically acceptable (Decision 31/2013). The participants received a small compensation, partially dependent on their performance. The participants signed written consent, prior to the experiment.

2.2. Stimuli and apparatus {#sec004}
--------------------------

The context stimulus was a circular shape with an inner radius of 1° and an outer radius of 8.2° of visual angle (see [Fig 1](#pone.0167956.g001){ref-type="fig"}), divided into 16 sectors (each 22.5° of polar angle). The luminance of the sectors alternated above and below mean luminance by 18.2 cd/m2 (14% contrast). The contrast polarity of the sectors was reversed between blocks. The global mean luminance of the context stimulus and the grey background areas was 130 cd/m2. The context stimulus was blurred slightly by convolving it with a 2-D Gaussian filter (SD 0.25°). The target stimuli were radially oriented, circular sine wave gratings (spatial frequency 2.6 cycles/deg, diameter 0.8°, [Fig 1A](#pone.0167956.g001){ref-type="fig"}). The Michelson contrast of the gratings was always 15% and the mean luminance of each grating was matched to the sector it was presented in. The two gratings always had the same phase, which reversed randomly.

![The stimulus setup.\
A) The targets, two grating stimuli, always 30° apart in polar angle, were presented at 7° eccentricity. B) The stimuli were presented randomly near the four diagonal sectors (red dashed lines), either symmetrically around the sectors (black circles) or displaced clockwise (orange circles) or counter clockwise (blue circles). The black oval shows the size of the hit area the saccade needed to land on in order to be considered accurate (see "Hit" in [Table 1](#pone.0167956.t001){ref-type="table"}). The hit area moved with the target stimuli (here relative to the locations marked with black circles). The hit area was never shown to the participants. The penalty area could be one of the diagonal sectors, for example the top left one here marked with pink highlighting (see "Penalty sector" in [Table 1](#pone.0167956.t001){ref-type="table"}). The pink highlighting was only shown to the participant for eight practice trials before the onset of the penalty phase.](pone.0167956.g001){#pone.0167956.g001}

The stimuli were created with Matlab 8 (Mathworks, Natick, MA, USA), running in a PC with an Nvidia Quadro K5000 (Nvidia, Santa Clara, CA, USA) graphics card, and presented with the Psychophysics Toolbox 3 \[[@pone.0167956.ref020]\] on a gamma corrected 22.5" VIEWPixx (VPixx Technologies Inc., Quebec, Canada) display with a 120 Hz refresh rate and 16-bit greyscale resolution (in the M16 mode). The viewable area of the display subtended 31 x 20°.

Eye movements were recorded with Eyelink 1000 (SR Research, Missisauga, Canada) video eye-tracker at 1000 Hz. Both pupil and corneal reflection were used for tracking. The eye-tracker was controlled by means of the Eyelink toolbox for Matlab \[[@pone.0167956.ref021]\]. The standard 9-point calibration was adjusted such that the points were 10% closer to the centre in order for them to better correspond with the used stimulus area. Mean error was required to be below 0.5° and maximum error below 1°. Calibration was repeated, if drift error approached 1° in a constant general direction or if the participants removed their head from the chin rest, but at least twice during the experiment.

2.3. Procedure {#sec005}
--------------

Each trial started with the appearance of the context stimulus and the central cross-hair (height 0.25°, see [Fig 1A](#pone.0167956.g001){ref-type="fig"}) and the participant indicating stable fixation with a space bar. If fixation was indeed stable, eye tracking and stimulus presentation started. Fixation cross was extinguished at a random delay of 600--800 ms after the accepted drift correction. Two target stimuli ([Fig 1A](#pone.0167956.g001){ref-type="fig"}) were then presented with a random delay of 0--150 ms relative to the disappearance of the fixation cross randomly at one of 12 possible location pairs, but always at 30° of polar angle from each other and at 7° eccentricity (see [Fig 1B](#pone.0167956.g001){ref-type="fig"} for example locations). The participants' task was to move their gaze to either of the targets as quickly and accurately as possible. Each block included 48 trials, 12 around each diagonal sector. Of the twelve trials, in six the stimuli were placed symmetrically around the diagonal, in six they were displaced (see [Fig 1B](#pone.0167956.g001){ref-type="fig"}). There were altogether 16 blocks from which data was collected. Each participant had a personal penalty sector, the shape of which is indicated by the pink highlighting in [Fig 1A](#pone.0167956.g001){ref-type="fig"}, that stayed in constant location throughout the penalty phase. The different phases are described in 2.4.1--2.4.3. Each of the four diagonal sectors was used as the penalty sector for three participants. It must be emphasized that apart from a few practice trials, the penalty sector was physically completely identical to the other diagonal sectors. The only difference was that the participant knew that saccades to that sector could cause a penalty, and received a feedback if such a saccade occurred.

It was expected that the symmetrical arrangement (black circles in [Fig 1B](#pone.0167956.g001){ref-type="fig"}) would lead to a strong global effect (i.e., many averaging saccades, defined here as saccades that land closer to the midpoint between the two target stimuli than either of the stimuli), resulting in saccades to the penalty sector and that due to the strongly stimulus driven nature of averaging saccades \[[@pone.0167956.ref022]--[@pone.0167956.ref024]\] it would be difficult to avoid such saccades to the penalty sector. However, participants were equally effective in reducing the number of saccades to the penalty sector in all stimulus arrangements.

2.4 Rewards and penalties in different phases of the experiment {#sec006}
---------------------------------------------------------------

After each saccade, the participant received a feedback (a text on the screen) for the performance and the associated financial outcome (see [Table 1](#pone.0167956.t001){ref-type="table"}). The system of financial outcomes was designed to motivate participants to make accurate saccades to target stimuli, but to avoid the penalty sector, all while under significant time pressure. For practical purposes, the financial outcomes were made such that the balance at the end of the experiment was relatively predictable (to the experimenter). Specifically, we did not want any participants to lose motivation during the experiment due to the balance approaching zero. Every participant started with a balance of 12 €. In the end of the experiment, the balance varied between 8--12 €.

10.1371/journal.pone.0167956.t001

###### Feedback alternatives and financial outcomes.

![](pone.0167956.t001){#pone.0167956.t001g}

  Performance      Feedback                                Outcome
  ---------------- --------------------------------------- ----------
  Too slow         "The saccade was too slow!"             \- 1.5 c
  Penalty sector   "Saccade into the penalty sector!"      \- 6 c
  Miss             "The saccade missed the target."        0 c
  Hit              "The saccade hit the target spot on!"   +1.5 c

[Table 1](#pone.0167956.t001){ref-type="table"} presents the four possible performance types and their associated feedbacks (translated from Finnish) and financial outcomes. If two performance types apply to a saccade, the outcome higher on the list applies. Most importantly, if a saccade was too slow, the feedback and financial outcome concerned the slowness, regardless of where the saccade landed (in target area, in penalty sector, or elsewhere).

After each block of 48 trials, an instruction was displayed stating the block's median latency and that saccades needed to be faster than that in the next block to be eligible for a reward. The balance was also displayed after each block. In the first block, in which a personal median could not be calculated, only saccades with latencies longer than 500 ms were considered too slow (which occurred seldom).

2.4.1 The pre-penalty phase {#sec007}
---------------------------

After participant setup and initial eye tracker calibration, the task and financial outcomes were explained (without mention of the penalty sector and the associated penalty). The participant then practiced the task for 24 trials, which did not affect the balance. After that, there were four (48 trial) blocks where the speed and accuracy of saccades affected the balance (see "Too slow", "Miss" and "Hit" in [Table 1](#pone.0167956.t001){ref-type="table"}).

2.4.2 The penalty phase {#sec008}
-----------------------

After the four blocks of the pre-penalty phase, the participant's personal penalty sector and the associated 6 cent penalty were introduced. The participant then practiced the task for eight trials (with no effect on the balance), with the penalty sector highlighted (see [Fig 1B](#pone.0167956.g001){ref-type="fig"}). In four of the practice trials the targets were presented near the penalty sector. The pink highlighting on top of the penalty sector was only presented to the participant for those eight practice trials, not in the actual penalty condition blocks. After the introduction of the penalty sector, there were eight (48 trial) blocks in which, in addition to speed and accuracy, saccades to the penalty sector affected the balance (see "Penalty sector" in [Table 1](#pone.0167956.t001){ref-type="table"}).

2.4.3 The post-penalty phase {#sec009}
----------------------------

After the eight penalty blocks, the participant was informed that the penalty condition was no longer in effect and that the possible financial outcomes were the same as in the pre-penalty phase: only speed and accuracy would affect the balance in the four remaining blocks.

2.5. Data processing {#sec010}
--------------------

Saccades with the following characteristics were included in further analyses: onset latencies between 80 and 600 ms, start point within 1° from fixation, endpoint between 1.5 and 9° eccentricity, angular direction of the saccade within 30° from the closest target. The criteria led to an exclusion of 6% of trials.

Data values used in figures and statistical analyses were averages calculated separately for each participant, experimental phase and other relevant factor (e.g., trials where targets were within the penalty quadrant and trials where targets were in other quadrants). For each phase, trials from two consecutive blocks were pooled together to reduce noise. Due to large inter-participant differences in overall saccade accuracy, and especially mean latency, data plotted in Figs [2](#pone.0167956.g002){ref-type="fig"} and [3](#pone.0167956.g003){ref-type="fig"} have been normalized by shifting the data of individual participants so that each participant's value in blocks 3--4 equals the mean over participants. Blocks 3--4 were used rather than blocks 1--2, since in blocks 1--2 there was much less time pressure on the participants and results cannot be considered comparable to other phases of the experiment.

![Participants instantly make fewer saccades to the penalty sector.\
A) The normalized proportion of saccades that landed within the penalty sector (red symbols, the smaller red segment in the inset), when the targets were presented in the quadrant that subsumed the penalty sector (red area in the inset) as a function of experimental blocks. For comparison, green symbols represent the proportion of saccades that landed on other diagonal sectors, when stimuli were presented in other quadrants. Error bars represent 95% CI. B) The instantaneous change (percentage units) in the proportion of saccades to the penalty sector against the change in the proportion of saccades to other diagonal sectors for 12 participants. The mean (and 95% CI) over subjects is indicated by the diamond marker (and the errorbars).](pone.0167956.g002){#pone.0167956.g002}

![Participants slow down their saccades immediately after the onset of the penalty condition, but only for targets near the penalty sector.\
A) Normalized mean latency as a function of experimental blocks, separately for trials with targets in the quadrant with the penalty sector (red markers) and for trials with targets in other quadrants (green markers). Error bars represent 95% CI. B) The instantaneous change in mean latency for 12 participants: targets in the quadrant with the penalty sector vs. targets in other quadrants. The mean (and 95% CI) over subjects is indicated by the diamond marker (and the errorbars).](pone.0167956.g003){#pone.0167956.g003}

The rate of saccades to the penalty sector for each participant was calculated by dividing the number of saccades to the penalty sector (indicated by the smaller segment in the inset in [Fig 2A](#pone.0167956.g002){ref-type="fig"}) by the number of saccades to the entire quadrant (the red area in the inset). The rate of saccades to other diagonal sectors was calculated in the same way, but data for the three non-penalty quadrants was pooled together.

3. Results {#sec011}
==========

3.1. Participants were able to reduce the number of saccades to the penalty sector {#sec012}
----------------------------------------------------------------------------------

When one of the diagonal sectors of the background stimulus was revealed as the penalty sector, participants clearly reduced the proportion of saccades towards the penalty sector. The reduction was instantaneous for trials in which the two stimuli were presented in the quadrant that subsumed the penalty sector (the penalty quadrant, red symbols in [Fig 2A](#pone.0167956.g002){ref-type="fig"}). There was also a decrease in the number of saccades to other diagonal sectors (when stimuli were presented near or within them), but it was much more gradual (green symbols in [Fig 2A](#pone.0167956.g002){ref-type="fig"}). In a repeated measures ANOVA with the proportion of saccades landing in the penalty sector (or another diagonal sector) as a dependent variable, the phase of the experiment (blocks 1--2 vs 3--4 etc.) had a significant main effect (F(7,77) = 5.7, p \< 0.01), but target positioning (targets in the penalty quadrant vs. other quadrants) did not (F(1,11) = 0.77, p \> 0.05). Most importantly, however, the interaction effect of phase and target positioning (F(7,77) = 2.2, p \< 0.01) was significant. [Fig 2B](#pone.0167956.g002){ref-type="fig"} shows that when proceeding from the last two blocks before the onset of the penalty condition to the first two blocks of the penalty condition, the proportion of saccades to the penalty sector decreases in 10/12 participants (data points below the dashed line). Further, it can be seen that at that point, participants initially avoided the penalty sector much more often than other diagonal sectors (data points below the diagonal). Whereas there was no change in the number of saccades to the diagonal sector in other quadrants, saccades to the penalty sector decreased on average by 14% units (t(11) = 3.4, p\<0.01). We divided saccade latencies for each participant, phase (blocks 1--2 vs 3--4 etc.) and target position into four groups with an equal number of cases. In contrast to many earlier studies that suggest only slower saccades to be under top-down control \[[@pone.0167956.ref011],[@pone.0167956.ref025]--[@pone.0167956.ref027]\], neither the main effect of latency group (F(3,33) = 1, p \> 0.1) nor the interaction effects (latency group x positioning: F(3,33) = 0.3, p \> 0.1; latency group x phase: F(21,231) = 1, p \> 0.1; latency group x phase x positioning: F(21,231) = 0.3, p \> 0.1) were significant. More specifically, the rate of saccades to the penalty sector was 44% in the fastest saccade bin (mean latency 170 ms) *after* the onset of the penalty condition, whereas it was about 53% in the slowest bin (mean latency 228 ms) *before* the onset of the penalty condition.

It appears from [Fig 2A](#pone.0167956.g002){ref-type="fig"} that the overall decrease in saccades to diagonal sectors, brought about by the penalty condition, is not reversed after the penalty condition is discontinued. Indeed, in a repeated measures ANOVA with the experimental phase (before vs. during vs. after penalty condition, main effect F(2,22) = 14.5, p \< 0.01), the Bonferroni corrected pair-wise comparison yields a significant difference (p\<0.01) between before and after penalty condition, but not between during and after penalty condition p\>0.9).

It was expected that accurate saccades would become more difficult to make after the implementation of the penalty sector. There appeared to be a tendency of the proportion of accurate saccades to targets presented in the penalty quadrant to decrease during the penalty condition. However, in an ANOVA with hit rate as a dependent measure, and phase (blocks 1--2 vs 3--4 etc.) and target positioning as independent variables, neither the main effects (phase: F(7,77) = 0.7, p \> 0.1; positioning: F(1,11) = 0.5, p \> 0.1) nor the interaction (F(7,77) = 1.9, p \> 0.1) were significant.

3.2. Participants selectively delayed saccades towards stimuli presented near the penalty sector {#sec013}
------------------------------------------------------------------------------------------------

What did the participants change in their behaviour to allow the avoidance of the penalty sector? Quite expectedly, they slowed down their saccades. What is more remarkable, though, is that while participants substantially delayed saccades towards the quadrant of the penalty sector, saccades to other quadrants did not slow down, but instead gradually accelerated throughout the experiment. In a repeated measures ANOVA with mean latency as a dependent variable, the phase of the experiment (blocks 1--2 vs 3--4 etc.) had a significant main effect (F(7,77) = 10.7, p \< 0.01) as did target position (targets in the penalty quadrant vs. other quadrants, F(1,11) = 5, p \< 0.05) The interaction effect of phase and target position (F(7,77) = 7.3, p \< 0.01) was also significant. [Fig 3B](#pone.0167956.g003){ref-type="fig"} shows that when going from the last two blocks before the onset of the penalty condition to the first two blocks of the penalty condition, latencies of saccades towards the penalty quadrant slowed down in 11/12 participants (data points below the dashed line). Further, it can be seen that at that point, participants slowed down their saccades towards the penalty quadrant more than towards other quadrants (data points above the diagonal). Whereas latencies of saccades towards other quadrants decreased by 1.3 ms, latencies of saccades towards the penalty quadrant increased on average by 18.2 ms (t(11) = 4, p\<0.01). For trials with the stimuli in the penalty quadrant, there was no latency difference in the saccades that landed in the penalty sector or elsewhere (mean latencies during penalty phase: penalty sector 210 ms, elsewhere 208 ms, t(11) = 0.72, p\>0.4.)

3.3 Participants improved the financial outcome {#sec014}
-----------------------------------------------

The financial rewards and penalties were mainly designed to motivate participants to avoid the penalty sector, while keeping time pressure in effect. It is likely that participants tried to maximize their financial outcome. When the penalty condition was in effect, trials with the targets in the quadrant that subsumed the penalty sector were clearly quite costly to the participants (red symbols in [Fig 4A](#pone.0167956.g004){ref-type="fig"}). Saccades to the penalty sector had the largest effect on the financial outcome, as indicated by the area above the solid thin red line in [Fig 4A](#pone.0167956.g004){ref-type="fig"}, but saccades that were too slow (area between the solid and dashed thin red lines) and lack of rewards due to saccades that were slow or miss the target (area between dashed and thick red lines) also contributed to the financial outcome. In contrast, when stimuli were presented in other quadrants (3/4 of trials), participants performed roughly at the same level as before the start of the penalty condition (green symbols in [Fig 4A](#pone.0167956.g004){ref-type="fig"}), which also makes the overall financial loss more modest (black symbols in [Fig 4A](#pone.0167956.g004){ref-type="fig"}).

![The financial outcome was worse during the penalty condition, but participants did improve their financial outcome by adapting their behavior.\
A) The financial outcome per trial as a function of experimental blocks, separately for trials where the targets were presented in the same quadrant with the penalty sector (red) and for trials with the targets in other quadrants (green) and for all trials (black). The thin red lines show individual contributions of different financial outcome types (see legend). The grey, solitary symbol at blocks 3--4 shows the prediction of the overall financial outcome if behaviour would not be adjusted at the start of the penalty condition. B) Mean outcome during the penalty condition vs. predicted outcome for 12 participants. The prediction is based on the participants' behaviour during the last two blocks before the onset of the penalty condition. The mean (and 95% CI) over subjects is indicated by the diamond marker (and the errorbars).](pone.0167956.g004){#pone.0167956.g004}

To determine whether the participants' behavioural change was financially favourable, we compared the participant's financial outcome during the penalty phase to what the outcome would have been if they continued behaving exactly as they did before the onset of the penalty condition, with no behavioural adjustment. According to this comparison, illustrated in [Fig 4B](#pone.0167956.g004){ref-type="fig"}, 10/12 participants adjusted their behaviour in a way that improved their financial outcome. Overall, the difference between the actual and predicted outcome is statistically significant. (t(11) = 3.1, p\<0.01).

It can be observed from [Fig 4B](#pone.0167956.g004){ref-type="fig"}, that subjects differ much more in their predicted outcome than the actual outcome. Mainly two factors led to poor predicted outcome: high rate of averaging saccades (which lead to saccades to the penalty sector when the targets are on both sides of the penalty sector, e.g., the second lowest predicted outcome) or the inability to accelerate saccades (e.g., the lowest predicted outcome). In the former case, a reduction in the number of averaging saccades (with modest increas in saccade latencies) led to better than predicted actual outcome, in the latter case keeping saccade latencies relatively unchanged at the onset of the penalty phase was sufficient.

4. Discussion {#sec015}
=============

The data indicate that participants were clearly able to avoid making saccades to a specific area of the visual field as soon as the area started carrying a financial penalty. This change in behaviour was accompanied by an increase in saccadic latencies. Remarkably, however, only saccades toward targets near the penalty area were delayed. The reduction in the number of saccades to the penalty area occurred immediately after the introduction of the penalty condition, indicating that little, if any learning was required to start using the avoidance strategy observed here.

4.1. Participants are able to avoid the penalty sector {#sec016}
------------------------------------------------------

In the current study, during the first 192 trials, participants were financially motivated to make fast and accurate saccades to target stimuli. After these initial 192 trials, one sector of the visual field became a penalty sector, implying that saccades to this area would result in a relatively large financial penalty. Importantly, incentives for speed and accuracy remained the same. The results showed that immediately after the introduction of the penalty sector, participants were able to significantly reduce the proportion of saccades towards the penalty sector. In a similar experiment, Schütz et al. \[[@pone.0167956.ref018]\] also found that participants successfully avoided a penalty incurring region. However in their study, it took almost 100 trials before participants learned to start avoiding this area. Also, in order to do so they slowed their saccades with about 45 ms, in close agreement with the latency difference of anti- and pro-saccades in an experiment by Ross, Viswanathan, Manoach, & Barton with comparable overall latencies and financial incentives \[[@pone.0167956.ref028]\]. Since participants in the studies by Ross et al. \[[@pone.0167956.ref028]\] and Schütz et al. \[[@pone.0167956.ref018]\] were free to use more time to deal with an increase in task complexity, both of the tasks can probably be successfully performed with the delay-and-proceed strategy, where all responses are slowed until a task appropriate response can be given \[[@pone.0167956.ref016]\]. That is not the case in the current study. Firstly, the latency increase observed here was clearly smaller, only about 18 ms. Some of the latency difference could have been caused by the strict time pressure that we imposed in the current study. Perhaps participants in the Studies by Ross et al. \[[@pone.0167956.ref028]\] and Schütz et al. \[[@pone.0167956.ref018]\] could have performed equally accurately, but somewhat faster, if forced to do so. The second difference between the current and earlier results, however, is more decisive. The latency increase in the current study concerned mostly trials where the targets were presented near the penalty region. In sum, it appears that the behavioural adaptation observed here was probably not achieved by means of the delay-and-proceed strategy, which involves a general delay of responses, but a more task tailored and specific strategy was needed.

Even though there is some resemblance between antisaccade tasks and the current task, it should be noted that in the current task, participants constantly knew the exact spatial area that is associated with a penalty, and this location did not change during the course of the experiment. It is feasible that these circumstances made it possible to inhibit an eye movement to the stationary penalty sector, while in antisaccade tasks the actual location which should be inhibited is not known in advance. Instead in the antisaccade task, participants need to suppress the urge to execute a saccade to a visual (onset) target. It is likely that active (constant or recurring) top-down inhibition of the (penalized) *spatial area* made it possible to suppress the saccade with such small time costs in the current study. Indeed, it has been claimed that within the saccade map (most likely in the superior colliculus) which is retinotopically organized, saccades to a particular area can be selectively supressed in a top-down fashion \[[@pone.0167956.ref011]\]. Research investigating selective attention has demonstrated that it is possible to selectively suppress the processing of information at a particular location \[[@pone.0167956.ref029],[@pone.0167956.ref030]\]. For example, in Munneke et al. \[[@pone.0167956.ref029]\], cueing the location of an upcoming distractor reduced its distraction effect suggesting active top-down inhibitory mechanism. As attention and eye movements are strongly related \[[@pone.0167956.ref031],[@pone.0167956.ref032]\], it is likely that attentionally suppressing a particular spatial area results in the suppression of the execution of a saccadic eye movement to that location. Such top-down suppression that is presumably already in effect at the start of a trial would also be consistent with our finding that the control of saccades was equally effective irrespective of saccade latency. In many earlier studies, in contrast, participants could only control the direction of relatively slower saccades \[[@pone.0167956.ref011],[@pone.0167956.ref025],[@pone.0167956.ref027]\].

In the current study, the penalty area was highlighted for 8 trials, and then remained stationary (but not highlighted) for the following 384 trials. It is likely that participants were able to avoid making saccades almost instantaneously without much learning because the area stayed (retinotopically) the same. This is unlike the experiment of Schütz et al. \[[@pone.0167956.ref018]\], in which the stimulus appeared randomly in one of four locations, and the relative positions of the penalty and reward regions of the stimulus flipped randomly across trials. This may explain why it took relatively long in Schütz et al.'s study (about 100 trials) to adjust the eye movement pattern and why a more costly delay-and-proceed strategy had to be implemented to avoid the penalty area.

We conclude that the successful avoidance of the penalty region observed here, which required little or no learning and caused only very modest slowing of saccades, could take place because participants were able to apply, possibly in a top-down manner, a constant inhibition to a specific spatial area in the visual field.

4.2 Behaviour after the penalty is removed {#sec017}
------------------------------------------

The effects of rewards often linger after rewards are no longer available \[[@pone.0167956.ref033]\] and this effect can be spatially localized with high precision \[[@pone.0167956.ref034]\]. In the present study, after the penalty condition was removed, participants accelerated the saccades towards targets near the penalty sector about as abruptly as they had decelerated them at the onset of the penalty phase ([Fig 3A](#pone.0167956.g003){ref-type="fig"}). The pattern of saccade rates to different areas is more complex, however. On one hand, there is no similar rebound in the rate of saccades to the penalty sector as there is in the latencies of saccades to the penalty quadrant. On the other hand, the rates of saccades to the penalty sector and to other diagonal sectors are equal after the end of the penalty condition, mainly because the latter gradually decreases through the penalty condition ([Fig 2A](#pone.0167956.g002){ref-type="fig"}). This decreasing trend of saccades to other diagonal sectors may simply be due to general learning or fatigue or some other factor that is unrelated to the penalty condition. However, it is important to point out the possibility that the initial selective avoidance of the penalty sector progresses into a general (automatic) tendency for avoiding all diagonal sectors, which always had the same luminance as the penalty sector. The spreading of inhibition could be mediated, for example, by perceptual grouping of the four diagonal sectors into a single shape (see [Fig 1](#pone.0167956.g001){ref-type="fig"}) or by simply avoiding all sectors with the same luminance as the penalty sector.

Whatever the reason for the observed pattern of saccade endpoints, the apparent discrepancy between the lack of change in saccade placement and the dramatic change in saccade latencies at the end of the penalty condition is interesting. It appears that during the last blocks before the end of the penalty condition, whenever targets are in the penalty quadrant, participants use an extra 15--20 ms on something that they can do equally well after the end of penalty condition, but without the extra latency. A behaviour pattern that has become automatic, possibly via one of the routes discussed above, seems one plausible cause for this.

4.3 Conclusions {#sec018}
---------------

In many real world situations it is beneficial to be able not to make saccades to distracting task-irrelevant regions in the visual field, as valuable time would be wasted attending to the irrelevant regions. The current study shows that people are able to avoid making saccades to particular areas in the visual field without much, if any, learning. Crucially, when doing so people selectively delay saccades only when targets are located nearby the penalty sector, and keep saccades to other regions of the visual field unaffected, indicating remarkably flexible cognitive control of oculomotor responses.
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